Canola (Brassica napus L.) cultivars Oscar and Westar, engineered with a Bacillus thuringiensis (Bt) cryIA(c) gene, were evaluated for resistance to lepidopterous pests, diamondback moth, Plutella xylostella L. (Plutellidae) and corn earworm, Helicoverpa zea (Boddie) (Noctuidae) in greenhouse and field conditions. In greenhouse preference assays conducted at vegetative and flowering plant stages, transgenic plants recorded very low levels of damage. A 100% diamondback moth mortality and ≈90% corn earworm mortality were obtained on transgenic plants in greenhouse antibiosis assays. The surviving corn earworm larvae on transgenic plants had reduced head capsule width and body weight. Mortality of diamondback moth and corn earworm were 100% and ≈95%, respectively, at different growth stages (seedling, vegetative, bolting, and flowering) on the transgenic plants in greenhouse tests. In field tests conducted during 1995-1997, plots were artificially infested with neonates of diamondback moth or corn earworm or left for natural infestation. Transgenic plants in all the treatments were highly resistant to diamondback moth and corn earworm larvae and had very low levels of defoliation. Plots infested with diamondback moth larvae had greater damage in both seasons as compared with corn earworm infested plots and plots under natural infestation. After exposure to defoliators, transgenic plants usually had higher final plant stand and produced more pods and seeds than non-transgenic plants. Diamondback moth injury caused the most pronounced difference in plant stand and pod and seed number between transgenic and non-transgenic plants. Our results suggest that transgenic canola could be used for effective management of diamondback moth and corn earworm on canola.
Introduction
Ever increasing knowledge about the negative impact of synthetic insecticides to the environment has compelled scientists to consider alternative strategies to manage insect pests of agricultural crops. Use of naturally occurring insect pathogens has been pursued as a component for integrated management of pests for many years. The soil bacterium, Bacillus thuringiensis Berliner (Bt), which produces various proteinaceous toxins, is an important insect pathogen, and has been used in various insecticide formulations since the 1930s (Beegle & Yamamoto, 1992) . Even though Bt sprays have advantages over synthetic insecticides in terms of less environmental pollution and high target specificity, their use is limited because of negative attributes such as short persistence, and the need of the target insect to consume Bt spores and/or crystals (Koziel et al., 1993) . These drawbacks have prompted scientists to formulate alternative delivery systems for Bt to improve its efficacy and usage. One alternative method is the incorporation of toxic protein producing genes of Bt into crop plants (Bt crops), which result in the expression of the toxin throughout the plant. Theoretically, the cultivation of Bt crops would offer protection against a target insect throughout the developmental period of the plant irrespective of environmental conditions. Rice , peanut (Singsit et al., 1997) , canola (Stewart et al., 1996a) , broccoli (Metz et al., 1995) , soybean (Stewart et al., 1996b) , and chickpea (Kar et al., 1997) have been engineered with different Bt toxin genes and have been reported as resistant to the target insect under laboratory conditions. Bt crops such as cotton (Benedict et al., 1996) , corn (Sims et al., 1996) , potato (Perlak et al., 1993) , tomato (Delannay et al., 1989) , and tobacco (Hoffmann et al., 1992 ) also have been reported to be resistant to the target insect under laboratory and field conditions.
For a Bt crop to be successful, from a grower's perspective it is necessary that the crop should be protected against the target insect throughout the crop season (Daly, 1994) . At the same time, from an entomologist point of view, apart from the afore mentioned characteristic, Bt crops should express the toxin throughout the plant and there should not be any great attenuation in the amount of toxin produced during crop growth. This would safeguard against the exposure of the target insect to sublethal quantities of the toxin which among a number of many other factors would reduce the possibility of insects adapting to Bt crops (Daly, 1994) .
The objectives of this study were to evaluate two transgenic (Bt) canola, Brassica napus, lines containing a synthetic cryIA(c) gene, expressing differential quantities of the toxin, for resistance to diamondback moth, Plutella xylostella L., and corn earworm, Helicoverpa zea (Boddie), under greenhouse and field conditions. Diamondback moth feeds exclusively on cruciferous plants whereas corn earworm feeds on a wide range of plant species. These insects were selected because diamondback moth and corn earworm represent highly and moderately susceptible insects, respectively, to cryIA(c) toxin. Moreover, diamondback moth has also shown the capacity for resistance development to sprayable Bt products under field conditions (Tabashnik et al., 1990) . In field tests we examined the impact of insect feeding damage on the reproductive ability of canola lines. We also tested the resistance level of transgenic lines at different developmental stages of the plants.
Materials and methods

Plants and insects.
Homozygous canola lines O52-6 (referred to as BtOscar) and W58-3 (referred to as BtWestar) transgenic for a cryIA(c) gene, expressing 0.05 and 0.005% of the toxic protein, respectively (Stewart et al., 1996a) were evaluated with their nontransgenic counterpart canola cultivars, Oscar and Westar. For greenhouse experiments, three seeds of each line were planted in Styrofoam cups (12 by 9 cm) filled with Craven's potting soil mix. Plants were grown under natural light conditions in a greenhouse maintained at 25±2 • C. Seven days after germination, plants were thinned to one per cup, and appropriate stages of the plant were used in different experiments. Diamondback moth (Abbott Labs., Chicago, IL) and corn earworm (USDA-ARS Insect and Population Management Research Laboratory, Tifton, GA) neonates were used in all experiments for artificial infestation. Both insects were from laboratory cultures and have not been exposed to any insecticides including Bt.
Greenhouse experiments. All the greenhouse experiments were conducted at 25 ± 2 • C, under light conditions of L12: D12, and replicated five or six times in a randomized complete block design. Preference of diamondback moth and corn earworm was investigated by placing two vegetative or flowering stage plants of each line (BtOscar, BtWestar, Oscar, and Westar) with their foliage touching one another as a block in a stainless steel tray (225 × 100 × 10 cm) filled with water to a depth of 2 cm. The blocks were separated from one another to prevent any larval movement between the blocks. Each plant was infested with 15 diamondback moth or 10 corn earworm neonates using a fine camel's hair-brush. Larval infestation was repeated seven days later to buildup damage at the flowering stage assay. Percent defoliation of each plant was visually estimated 10 days after the final infestation.
Survival and antibiotic effects of transgenic and non-transgenic plants on test insects were studied by arranging vegetative stage plants in the above mentioned steel trays without their foliage touching one another. Plants were covered individually with a white plant sleeve (Kleen Test Products, WI) to prevent larval escape after infesting each plant with 10 diamondback moth and corn earworm neonates per plant. Six days after infestation, larval survival on each plant was recorded. The surviving larvae were collected, and frozen in a freezer. The weight and head capsule width of the frozen larvae were measured.
Survival of diamondback moth and corn earworm larvae on transgenic and non-transgenic plants were also studied at seedling, vegetative, bolting and flowering stages of plant growth. To examine larval survival at the seedling stage, six day old test seedlings were cut at the base, placed individually in plastic diet cups (4.5×4 cm) fitted with a moistened filter paper, and the cups closed with a lid. For larval survival at the vegetative, bolting, and flowering stages of plant growth, leaves were numbered from one through seven or eight (from bottom to top) and each leaf was placed separately in petri plates (15 × 1.5 cm) with their leaf position number on the petri plate for identification. The petri plate was fitted with a moistened filter paper to keep the leaves fresh. Each seedling and/or leaf was infested with either 10 diamondback moth or five corn earworm neonates, and the numbers of live larvae were recorded four and five days after infestation at seedling and all other stages, respectively. This experiment was performed under L14: D10 photoperiod.
Field experiments. The field experiments were conducted in a split-plot design at the University of Georgia Horticulture Farm, Watkinsville, GA during the 1995-1996 and 1996-1997 seasons. No cultivation had been practiced in the field for 10 years before our experiments. The field was soil tested, limed and fertilized to achieve a moderate level of fertility prior to initiation of the experiments. The seed bed was prepared by roto-tilling prior to planting. No cultivation practices were performed during the experiments. The field was divided into six blocks and each block was further sub-divided into three 1 by 0.5 m main plots. Twenty five seeds from each genotype (BtOscar, BtWestar, Oscar, Westar) were planted (22 September 1995 and 10 October 1996) in a single row, after randomizing the genotypes within the main plot. The genotypes were considered as the sub-plots. Main plots were subjected to artificial infestations of diamondback moth larvae, corn earworm larvae or left for natural infestation.
Each artificially infested plot received either 3200 diamondback moth or 800 corn earworm neonates mixed with corn grits, from a bazooka applicator (Wiseman et al., 1980) , twice during the season (20 and 27 October 1995; 15 and 22 November 1996) . Artificially infested plots were covered with A-frame insect proof cages to prevent damage from other insects. Ten and 20 days after the final infestation, plants were assessed for damage on a 0 to 7 scale where 0 represented no apparent damage on any plants, (1) <5% of plants with damage, (2) 6-10% plants with damage, (3) 11-20% plants with damage, (4) 21-30% plants with damage, (5) 31-60% plants with damage, (6) 61-80% plants with damage, and (7) >80% of the plants with damage. Simultaneously, 10 plants were randomly selected within each line and assessed for percent defoliation after enumerating the live larvae. At the end of the season, final plant number and total number of pods and seeds produced by each genotype were recorded from all plots.
Statistical analyses. All greenhouse trial data were analyzed with analysis of variance using general linear models procedure after appropriate transformations, and the means were separated (P < 0.05) using least significant difference (LSD) (SAS Institute, 1985) . In the greenhouse plant growth stage experiment, larval survival on each leaf was combined based on leaf position to compute survival on the bottom, middle, or top portions of the plant prior to analysis. Because there were no differences in the larval survival among different portions of a plant within each growth stage, the data for top, middle, and bottom portions at each stage were further combined. A Student's ttest was performed for the combined data at each stage to identify the differences in larval survival between transgenic and non-transgenic plant types. In the field experiments, percent defoliation and damage rating data for the main plots were pooled for both observation dates and analyzed with analysis of variance. Furthermore, because no significant difference occurred between lines within plant types for all observations, data were combined to compare transgenic (Bt) and non-transgenic (NBt) plant types. A Student's t-test was performed between transgenic and non-transgenic plant types (sub-plots) within each main plot to identify significant differences between the plant types.
Results
Greenhouse experiments. Diamondback moth and corn earworm larvae caused significantly more defoliation of both non-transgenic lines compared to the transgenic lines at the vegetative and flowering plant stages (Table 1) . Within transgenic lines, both diamondback moth and corn earworm larvae inflicted 20.8 ± 2.1b 21.6 ± 1.6b BtOscar 0.4 ± 0.4d 0.6 ± 0.6c 0.4 ± 0.2c 0.4 ± 0.2d BtWestar 3.8 ± 0.5c 3.6 ± 0.4b 2.0 ± 0.7c 1.8 ± 0.4c
Means (± SE) followed by different letters within a column are significantly different from one another (P<0.05; LSD).
more damage on BtWestar than BtOscar at both plant stages. None of the diamondback moth larvae and only a few corn earworm larvae survived on the transgenic lines in the larval survival and antibiosis test (Table 2). However, the surviving corn earworm larvae on BtOscar and BtWestar had greatly reduced weight and head capsule width compared to the surviving larvae on non-transgenic plants. On the non-transgenic lines, 62 to 68% of diamondback moth larvae and 42 to 50% of corn earworm larvae were alive after six days. Furthermore, both diamondback moth and corn earworm larvae had reached late second instar or early third instar by day six on the non-transgenic plants. Survival rate of both insects were similar on the non-transgenic Oscar and Westar.
Transgenic plants at all phenological stages caused 100% mortality of diamondback moth larvae and approximately 95% mortality of corn earworms (Table 3). Non-transgenic plants recorded significantly lower mortality of both diamondback moth and corn earworm larvae at all phenological stages of the plant compared to the transgenic plants (Table 3) . Generally on non-transgenic plants, corn earworm survival was much higher than diamondback moth larval survival, and survival of both insects was greatest at the seedling stage as compared to all other developmental stages.
Field experiments. Trends of insect damage in both seasons were similar to the greenhouse experiments, where non-transgenic plants suffered a much greater amount of leaf damage than transgenic plants (Table 4). Transgenic plants had damage ratings of 1.2 or less and percent defoliation of 6.5 or less and were significantly different between infestation treatments in 1995-1996 (F = 18.14, P = 0.0003, df = 2, 10 for percent defoliation; and F = 18.21, P = 0.0005 for damage rating). No significant differences were observed among the main plot treatments for percent defoliation and damage rating during 1996-1997 season. Naturally infested plots had greater defoliation in the 1996-1997 season compared to the 1995-1996 season. However, defoliation in naturally infested plots was less than 5% in both seasons and was not significantly different between plant types. Generally, damage inflicted by diamondback moth larvae was much greater than damage by corn earworms. Non-transgenic plants in artificially infested plots, harbored at least 10 fold more diamondback moth larvae and two fold more of corn earworm larvae than transgenic plants during both seasons. Non-transgenic plants had significantly greater damage ratings and percent defoliation than transgenic plants when infested with diamondback moth larvae in both seasons. Non-transgenic plants also had greater damage ratings and percent defoliation compared to transgenic plants when infested with corn earworm. This trend was significant during both seasons except for percent defoliation during 1995-1996. Final plant count at the end of the season and numbers of pods and seeds were much greater during the 1995-1996 season than the 1996-1997 season, for both transgenic and non-transgenic plants (Figures 1  and 2 ). Between the two plant types, the transgenic plants had a greater plant stand and produced more pods and seeds than non-transgenic plants in all infestation treatments during both seasons, except for naturally infested plots during 1996-1997 where nontransgenic plants produced more seeds. Diamondback moth infestations had a greater impact on pod and seed numbers and plant stand than corn earworm and natural insect damage. During the 1995-1996 season, both transgenic and non-transgenic plants had a greater plant stand and produced more pods and seeds in plots left for natural infestation compared to plots infested with diamondback moth and corn ear- Corn earworm Oscar 50 ± 4a 0.8 ± 0.1a 7.9 ± 0.5a Westar 42 ± 3a 0.8 ± 0.1a 7.8 ± 0.2a BtOscar 6 ± 2b 0.3 ± 0.1b 1.3 ± 0.6b BtWestar 14 ± 5b 0.3 ± 0.1b 1.9 ± 0.5b
Means (± SE) followed by different letters within a column are significantly different from one another (P<0.05; LSD). * Data could not be recorded because no larvae survived on these lines. Seedling 0 91 ± 3 0.0001 4 ± 3 96± 3 0.0001 Vegetative 0 52 ± 5 0.0001 6 ± 3 94± 2 0.0001 Bolting 0 57 ± 4 0.0002 8 ± 6 87± 6 0.0002 Flowering 0 63 ± 6 0.0002 8 ± 6 92± 5 0.0010 Table 4 . Percent defoliation and damage rating of transgenic (Bt) and non-transgenic (NBt) canola plants in artificial and natural insect infestations in the two field experiments 1995-1996 1996-1997 Insect infestation Plant type % defoliation Damage rating * % defoliation Damage rating * Diamondback moth Bt 6.5 ± 0.3b 1.2 ± 0.6b 0.5 ± 0.2b 0.5 ± 0.2b NBt 59.9 ± 13.2a 6.4 ± 5.1a 22.4 ± 4.7a 3.4 ± 0.4a Corn earworm Bt 0.5 ± 0.2a 0.2 ± 0.1b 6.8 ± 5.6b 1.2 ± 0.6b NBt 4.3 ± 1.6a 2.8 ± 0.9a 11.7 ± 5.6a 2.1 ± 0.3a Natural infestation Bt 0.9 ± 0.6a 0.2 ± 0.1a
Means (± SE) followed by the same letter for the plant types within an insect infestation treatment are not significantly different from one another in a Student's t-test (P<0.05). * Damage rating assessed on a 0-7 scale; (0) represented no damage on any plants, (1) <5% of plants with damage, (2) 6-10% plants with damage, (3) 11-20% plants with damage, (4) 21-30% plants with damage, (5) 31-60% plants with damage, (6) 61-80% plants with damage and (7) >80% of the plants with damage.
worm (Figure 1) . During 1996-1997, both genotypes produced more pods and seeds in plots infested with corn earworm compared to plots infested with diamondback moth larvae and naturally infested plots (Figure 2) .
Discussion
The results demonstrate that the transgenic canola plants provided a high level control of both diamondback moth and corn earworm larvae. Even the low expressing transgenic Westar provided adequate control of both insects. Very low defoliation of transgenic plants at both vegetative and flowering stage preference assays demonstrated the existence of resistance at both growth stages. In spite of the close arrangement of transgenic and non-transgenic plants in the preference assays the test insects were unable to cause much damage to the transgenic plants. This suggests that even if the larvae develop on non-transgenic plants in their initial stages and later has a choice of moving to the transgenic plants they would not be able to cause much damage to the transgenic plants.
Complete mortality of diamondback moth neonates at all growth stages and by all portions of transgenic plants indicated synthesis of lethal levels of toxic protein throughout the plant, from seedling to maturity. Unlike the successful completion of life cycle by a few European corn borer, Ostrinia nubililalis (Hübner) larvae on transgenic corn (Lozzia & Rigamonti, 1996) , our results demonstrating mortality of diamondback moth neonates on transgenic canola throughout plant development are encouraging. Because this would prevent the exposure of diamondback moth larvae to sublethal quantities of the toxin at any point of the crop's growth, chances of diamondback moth developing resistance to transgenic canola are minimized. Survival of a few corn earworm larvae at all developmental stages of transgenic plants was not unexpected, since this insect has been reported to be less sensitive to Bt toxins than many other agronomically important pests (MacIntosh et al., 1990) . The survival rate of corn earworm on transgenic plants was still much less than on non-transgenic plants, which suggests that corn earworm also would be controlled. Moreover, surviving corn earworm larvae on transgenic plants were mostly inactive, non-feeding, and had a greatly reduced body size compared to those surviving on non-transgenic plants which indicated the negative impact of toxin on larval growth and development.
Growing conditions resulted in generally low plant stands and yields of both genotypes in the field experiments. Furthermore, delayed planting and reduced germination resulted in a low plant stand, low total pod count, and low seed count in all the treatments during 1996-1997. Timing of artificial infestation and very low temperatures of late fall could account for lower levels of plant damage and smaller differences in plant stand, pod, and seed production between transgenic and non-transgenic plants in 1996-1997 as compared with 1995-1996 . A higher infestation level, better cold tolerance, and crucifer specific feeding habits enabled diamondback moth to cause more damage than corn earworm during both seasons. Moreover, canola in GA is expected to be only a secondary host for corn earworm which is a generalist feeder. This was verified in the field experiments where the corn earworm damage was very low compared to diamondback moth damage on transgenic as well as non-transgenic plants.
In plots left for natural insect infestation, damage was primarily due to foliage feeders such as grasshoppers and crickets and very low numbers of diamondback moth larvae (less than five per plot). The site at which field experiments were conducted was isolated and traditionally crucifers are not grown in that area. This resulted in low infestation levels of diamondback moth in naturally infested plots. Because major portion of the damage in plots left for natural infestation was due to Bt insensitive insects, less pronounced differences in the damage between transgenic and non-transgenic plants were observed in those plots.
Transgenic plants produced more seeds compared to the non-transgenic plants in all the artificially infested plots during both seasons. Seed production by transgenic plants in diamondback moth infested plots, was 15 times higher than the non-transgenic plants during [1995] [1996] . Most of the non-transgenic plants in the diamondback moth infested plots were extensively defoliated and were unable to survive through the winter. Corn earworm damage also reduced seed production in non-transgenic plants, but level of damage was not enough to cause great differences in seed production between transgenic and non-transgenic plants. The pronounced difference in the seed production between transgenic and non-transgenic plants in diamondback moth infested plots, may support the hypothesis that transgenic plants with improved fitness would invade into natural habitats upon their release into the environment (Thacker, 1994; Snow & Palma, 1997) . Bergelson (1994) , showed that it is not the changes in seed production, but the competitive ability of a species and availability of space that determine a plant's invasiveness. Therefore, if the spread of canola in a habitat is limited by diamondback moth, or possibly other lepidopteran defoliators, the concern would be legitimate that Bt canola could proliferate unchecked upon release. However, in our opinion herbivory by lepidopteran defoliators probably is not the primary limiting factor in canola invasiveness.
The high level of resistance against neonates of diamondback moth and corn earworm exhibited by all portions of transgenic lines throughout the plant developmental period, would indicate that Bt transgenic canola could be a useful tool for managing these pests on canola. It is essential to formulate proper resistance management strategies before the widespread deployment and cultivation of transgenic canola. Designing proper resistance management techniques is especially important in the case of diamondback moth, since this pest has already evolved resistance to Bt sprays in the field (Tabashnik et al., 1990) . Provision of refugia in the form of susceptible plants to preserve the susceptibility of the insect population, should be practiced in an integrated pest management system to extend the utility of transgenic canola for a long period.
